The transition metal forms of α-zirconium-. titanium-, and hafnium phosphates were prepared by ion exchange method. Their structure was investigated by X-ray powder diffraction (XRPD) method. It was found that the transition metal containing phosphates have the same layered structure as the pristine tetravalent metal phosphates, except for the increase of interlayer distance from 7.6Å to ∼9.5Å. As a result of the incorporation of transition metals in the layers, the c-axis is increased from ∼15Å to ∼20Å (in the case of titanium phosphate to ∼25Å). All other parameters (a, b and β • ) are practically unchanged.
Introduction
The phosphates of tetravalent cations, such as Sn, Ti and Zr were synthesised in the end of 19 th century. However, the real interest in this subject (because of their good resistance against radiation) began since the 1950s in connection with their possible use in radiochemical processes. The literature in this field is very rich. Monographs on tetravalent metal phosphates were published both by Tanaev [1] and Averbuch [2] . Many layered tetravalent metal phosphates have been characterised by X-ray method. According to these investigations it became clear that two stable layers exist, corresponding to the α-and γ-structure. The structure of α-zirconium phosphate (hereafter ZrP) was found to be a layered monoclinic one, as determined first by Clearfield [3, 4] and investigated by other authors [5, 6] . Nowadays, the structure is clear; the data are widely known and used.
The structure of α-titanium phosphate (hereafter TiP) was found to be iso-structural with that of α-ZrP, as became clear in the mid 1990s from the more detailed study of Bruque et al. [7] .
The α-hafnium phosphate (hereafter HfP) was first prepared by Clearfield [8] . Later on, Tomita et al. [9] prepared it by refluxing freshly formed amorphous HfP in H 2 PO 4 at the boiling point for more than 210 hours. In the mid 1980s, HfP was also prepared by us using the fluorine-complex method and the structure of crystalline α-HfP was investigated [10] .
Later, the α-and γ-zirconium and titanium phosphates were extensively studied, and have been reviewed by Clearfield [11] and other authors [12] [13] [14] , respectively. Later, an interest arose in nanoparticles (γ-ZrP/Si) and transition metal salts (i.e. ZrMnHPO 4 and others) [15, 16] used for catalytic and other purposes. A classification of these phosphates is given by Brandel and Dacheux [17] .
Shaksooki et al. [18] and the current authors have earlier [19] [20] [21] proposed that the layered hafnium phosphate (α-HfP) isomorphous with the α-zirconium phosphate because their thermal-, ion exchange, and some other properties were found to be very similar. Detailed structural data of hafnium phosphate (α-HfP) and related intercalates are also reviewed by Suárez et al. [22] .
In this paper, we summarise the results of recent investigations on the crystalline structure of the first-row transition metal containing α-zirconium-, titanium-and hafnium phosphates in comparison with their pristine tetravalent metal phosphates.
Experimental

Synthesis
All chemicals used were analytical grade.
The α-zirconium-, titanium-, and hafnium phosphates were prepared via the fluorocomplex, as first proposed by Alberti and Torracca [5] .
A typical process used for α-zirconium phosphate was; 27.5 g of ZrOCl 2 .8H 2 O was dissolved in 400 cm 3 de-ionised water, then 20 cm 3 of HF (40% solution) was added and the mixture was heated at 80
• C. At this temperature (with constant vigorous stirring)
230 cm 3 solution of 11.9 M H 3 PO 4 was added very slowly. After that, the solution was allowed to stand at 80
• C (with stirring and at constant solution level) for 24 hours to evaporate the fluorine. The resulting precipitate was then washed with de-ionised water until it reached pH ∼ =4 and dried over P 2 O 5 in a dessiccator.
In the case of α-titanium phosphate, the following typical process was used; 11.8 g of TiCl 4 was dissolved in 125 cm 3 of 3.0 M HF solution, then, 500 cm 3 of 6.3 M H 3 PO 4 solution was slowly added with vigorous stirring. The mixture was then allowed to stand at 60
• C (with stirring and at constant solution level) for 168 hours to evaporate the fluorine. Subsequent steps were the same as described for α-ZrP.
In the case of α-hafnium phosphate, typically 2 g of HfCl 4 was dissolved in 125 cm 3 of 3 M HF solution, then 500 cm 3 of 6.3 M H 3 PO 4 solution was added slowly with vigorous stirring. The mixture was heated to 80
• C and allowed to stand at this temperature (with stirring and at constant solution level) for 24 hours to evaporate the fluorine. The rest of the process was concordant with that for α-ZrP [23] .
The first-row divalent metal containing samples were prepared by the ion exchange method. A typical example of this method was the following. Three grams of freshly prepared ion exchanger (α-ZrP, α-TiP and α-HfP, respectively) was mixed into (equilibrated) 100 cm 3 of 0.1 M Me(II)-acetate solution (where Me=Co, Ni, Mn, Cu and Zn, respectively). The equilibration (mixing) continued for 200 hours at 80
• C (with stirring and at constant solution level). At the end of the process, the precipitate was washed with 200 cm 3 of deionised water and dried in a desiccator over saturated BaCl 2 .
Analytical
The zirconium, the titanium, the hafnium, and the phosphorous content of the given samples were determined by the spectrophotometric method as described by Sandell [24] . The Me(II) contents, both of the original and residual solutions, were determined by spectrophotometer, using a SPECTROMOM 195D type photometer. The determinations were taken at wavelength of 530, 465, 475, 545 and 530 nm, against the given standards for Co, Ni, Mn, Cu and Zn ions, respectively.
The rate of ion uptake was calculated from the difference of Me(II) content of the above solutions.
The samples were controlled by elemental (carbon) analysis to determine the presence of acetate.
Identification
The samples were identified using XRPD analysis. The XRPD study was performed with a Bragg-Brentano geometry, using powder samples (pressed before into the sample holder) with a DRON-2 computer controlled diffractometer (at 45kV and 35 mA) with the β filtered Co Kα radiation (λ = 1.7890Å) at 25±1
• C. The goniometer speed chosen was 1/4
• min −1 in the range of 2Θ=3-110
• . To finish the data collection, the first few lines of the pattern were re-measured to control of the stability of the X-ray source. The diffraction patterns were evaluated using EXRAY peak searching software [25] and refined by Rietveld's method [26] . At least the structure of investigated samples was modelled, using " PowderCell 2.3" software [27] .
During the estimation, an effect of texture on line intensity was taken into consideration.
Thermal analysis
The thermal analysis was carried out using a Mettler TA1-HT computer controlled thermobalance that simultaneously provided DTA and TG data. The heating rate was 5
• C min 
Specific surface
This was measured by the BET method as previously descried [31] .
Results and discussion
The elemental analysis of samples gave carbon content under the detection limit; consequently it showed no acetate can be present in the synthesised materials. On evaluating the analytical data of prepared tetravalent metal phosphates, a ratio of 1:2 (Me/PO 4 ) was found.
The first-row transition metals were incorporated in the tetravalent metal phosphate structures using the ion exchange method. During this process, the hydrogen atoms of phosphate groups were exchanged for transition metals. The ion uptake data found here are presented in Table 1 . Durind the experiments were found that, the ion uptake increases with increasing equilibration time. After 200 hours of digestion, the ion uptake increased very slowly, although the total (100 %) change of hydrogen atoms by first-row divalent transition metal ions could not be achieved under the given experimental conditions. Based on analytical data, the following Me 4+ /Me 2+ molar ratios were calculated for samples equilibrated for 200 hours: Co ( According to these data the As a result of thermal treatment the DTA-TG patterns showed four endothermic processes accompanied by mass loss. From these, the first and second were identified as crystal water loss, the former slightly bonded on the surface while the latter is bonded inside the layers. The other two processes cover the structural water loss originating from the decomposition of phosphate groups going in two steps in the presence of transition metal ions. Against the patterns of pure tetravalent metal phosphates, the patterns of first-row transition metal ion containing samples showed a two-step character endotherm process.
The original tetravalent metal phosphates have one mol crystal water per molecule unit, while their transition metalcontaining forms have about 2.41(Co), 1.25(Ni), 1.80(Mn), 1.04(Cu) and 2.38(Zn) mole per unit molecule [28] [29] [30] . They are identical within the error of measurement and about one order of magnitude higher than that of the original (free from transition metal ions) phosphates. The results probably can be connected with the increasing of interlayer distance after taking up the given transition metals.
Crystal structure determination
Using the XRPD method, attempts were made to determine the crystal structure of the transition metal containing tetravalent metal phosphates.
Because of the structural data of α-ZrP and α-TiP are well known [4] [5] [6] [7] [8] , we give here in more detail only results concerned to α-HfP, which we did not publish (in such form) until now.
The optimum evaluation was found when the monoclinic form was considered with the P 1 2 space group. Taking into consideration these symmetry conditions, the XRPD pattern was calculated and compared with those obtained experimentally (50 Bragg peaks). The difference plot of α-HfP is shown on Fig. 1 .
Using the refined results, the cell parameters were then derived. The unit cell data were compared with those of α-ZrP and α-TiP, found by us earlier, and are collected in Table 4 in comparison with data of Clearfield, Bruque and Suáres [7, 8, 22] , respectively. The unit cell parameters of all phosphates obtained here correspond well to those measured by other authors, as can be seen from the data of Table 4 .
As it can be seen from Table 4 , the unit cell parameters of samples prepared by us and by the cited authors are practically identical. In spite of the fact that in case of α-HfP we used a different method of preparation as used by Suárez et al. [22] .
The positional and thermal parameters of the atoms in HfP are presented in Table  5 , while the selected bond distances (inÅ) and bond angle data (in degrees) of all three tetra-valence metal phosphates are given in Table 6 and 7, respectively.
All atomic distances and angles and also temperature factors showed no anomalous discrepancies. The similarities between the new data and that already known for α-ZrP shows that the α-HfP structure is iso-structural with that of α-ZrP. Similar to α-ZrP, the metal atoms lie nearly distorted in a main plane and they are bonded by phosphate groups which are situated alternately above and below the main plane. Three oxygen atoms of each phosphate group are bonded to three different hafnium atoms forming a distorted equilateral triangle. Each hafnium atom is thus octahedrally co-ordinated by oxygens. Taking into consideration the facts written above, we assumed the existence of zeolitic type cavities similar to those which exist in the α-ZrP structure. The thickness of the layer was found to be 628 pm (it was calculated using the baricentre of O atoms of P-OH groups lying on the opposite sides of a layer). The calculated free area associated with The modelling was based on the following basic structural data: Space group: P 1 2 1/c1 Setting: monoclinic Laue group: 2/m unique axis b Point group: 2/m Positions: 4e x, y, z; -x+1/2, y+1/2, -z+1/2; -x, -y-, -z; -x+1/2, -y+1/2, z+1/2; 001 projection of α-HfP structure is illustrated on Fig. 2 
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In the first step the XRPD patterns of transition metal containing phosphates were compared with that of the corresponding pure α-forms. During the comparison the most striking difference found was the appearance of a new peak around the 2Θ ≈10 • region.
It was found that the intensity of this peak is increased by increasing the period of ion exchange process. In most cases the 002 peaks have maximum intensity in the diffraction patterns of transition metal containing samples. Consequently, it's relative occurrence can be used for analytical purpose in a multiphase system. The ratios between the relative intensity of peaks in 002 position of pristine phosphates and their transition metal containing forms were compared, and the data are presented in Table 8 . These data can be indicative for the estimation of the occurrence of the pristine phase in a mixture with the transition metal containing forms. The found values were in good correlation with analytical data, which we obtained after 200 hours digestion time (see Table 1 ). This can confirm that the investigated transition metal ions are built in the Fig. 2 The 001 projection of α-hafnium phosphate structure. Other data exhibited that, in case of higher than 70% loading, a single crystalline phase system occurs. This observation showed suitable similarities with the results presented by Clearfield and Kalnins [32] . According to above data, the prepared samples (with less than 70% loading) were two phase systems from crystallographic point of view. The forthcoming X-ray studies, however, are relating to samples having higher than 70% loading.
X-ray diffraction patterns of zirconium-, and titanium phosphates in form of fully loaded with transition metal ions, were published previously [33, 34] . Therefore, in this paper, only the fragment of XRPD pattern of transition metal containing α-HfP is presented on Fig. 3 .
On the diffraction patterns of transition metal containing phosphates (with different loading) can be seen among the positions and intensities of the lines. They can be explained by changing of lattice parameters, as well as the atomic scattering factors, for the different transition metals. The measured and calculated patterns show a good agreement to each other.
For all these XRPD patterns, the optimum evaluation was found when the monoclinic form was considered with the P 12 space group. Taking into consideration these symmetrical conditions the XRPD patterns were calculated and compared (50 Bragg peaks) with those obtained experimentally. From this followed the determination of unit cell parameters shown in Table 9 . During the evaluation of the results collected in Table 9 , we found for α-ZrP the smallest difference in values of "a" axis which occur between the samples containing Co and Cu (∼0.1Å). In the case of other transition metal ions, the difference does exceed the mentioned value, while for the "b" axis the difference among the investigated transition metal ions does not exceed about 0.2Å. For "c" axis of α-ZrP, a difference of ∼ 1.8Å was found between the samples containing Co and Mn ions, while among the other samples containing Ni, Cu and Zn ions, differences of only ∼0.3Å were detected. The biggest change in d 002 values (0.13Å) was found between the α-ZrP samples containing Zn and Ni ions. Moreover a variation of ∼1.9
• in β was found among the various samples. For α-TiP samples, significant changes were found in many cell parameters. Namely, the value of "a" axis in the case of Co-and Zn-containing samples differ on ∼2.7Å, at the constant value of the "b" axis. For the value of "c" axis, an increase on 0.1Å for Zn-containing sample was observed. At the same time, the change in value of "c" axis showed a scattering among 0.9-5.7Å for other investigated samples containing various transition metals. The biggest change in d 002 values was found. In Ni-(9.603Å) and Cu-(12.596Å) containing samples The maximum difference in β angle (3 • ) was found between the samples containing Cu and Co ions, respectively. In case of α-HfP samples, all the changes in cell parameters showed big similarities with those of α-ZrP.
Comparing the cell parameters of samples containing various transition metals with those of the corresponding pristine tetra-valence metal phosphates revealed a significant difference only in the values of the "c" axes. The difference is ∼ 5Å, ∼ 4-10Å and ∼4 A in case of α-ZrP, α-TiP and α-HfP, respectively. An increase of 2
• was found in β angle in case of α-ZrP and α-HfP. The samples of α-TiP showed a different picture, i.e. an increase of ∼2
• and ∼5
• was found for samples containing Cu, Mn, Zn, Ni and Co, respectively. Because of the difference in diameters of hydrogen and the used transition metal ions, the d 002 values are increased. It was found that this increase is ∼2Å for the samples of α-ZrP and α-HfP, respectively. In the case of the α-TiP samples, the same increases are different; i.e. 2Å for Ni, ∼3Å, for Mn, ∼4Å for Co and Zn, and ∼5Å for Cu ion containing samples.
As an example, the difference plots of manganese containing ZrP, TiP and HfP (in α-form) after refinement are presented on Fig. 4 . Fig. 4 The difference plot of Mn(II) containing phosphates (measured and calculated).
Table 10
The positional and thermal parameters of Mn(II) containing metal(IV) phosphates. Table 11 Selected bond distances of transition metal containing phosphates inÅ. (5) 1.800 (5) 1.806 (5) 1.797 (5) 1.634 (3) 1.634 (3) 1.611 (3) 1.599 (3) 1.526 (3) P1-O2 1.529 (3) 1.512 (3) 1.525 (3) 1.512 (3) 1.512 (3) 1.862 (5) 1.775 (5) 1.858 (5) 1.802 (5) 1.721 (5) 1.557 (3) 1.588 (3) 1.595 (3) 1.584 (3) 1.588 (3) P1-O3 1.570 (3) 1.523 (3) 1.554 (3) 1.523 (3) 1.523 (3) 1.691 (5) 1.795 (5) 1.767 (5) 1.783 (5) 1.786 (5) 1.587 (3) 1.599 (3) 1.597 (3) 1.582 (3) 1.556 (3) P1-O4 Table 12 Selected bond angles of transition metal containing Me(IV) phosphates. Using the same basic data mentioned above for α-HfP, the structure of the prepared materials were modelled. As an example the 001 projection of Mn(II) containing α-HfP is shown in Fig. 5 . The resulting positional and thermal parameters are collected in Table 10 , while the selected bond distances and bond angle data are given in Tables 11  and 12 , respectively.
Fig. 5
The 001 projection of Mn(II) containing α-hafnium phosphate structure.
It was found that all atomic distances and angles and also the temperature factors showed no anomalous discrepancies.
Summary
In evaluating the bond distance data (Me-O1) of transition metal containing phosphates, practically no difference was found between the samples containing various transition metals. An exception was found for α-TiP samples.In this case, the bond distance values are increasing with max. 0.04Å in the direction of Zn -Co containing samples. When these data are compared with that of the pristine tetravalent metal phosphates, no difference was found among them for α-ZrP and α-HfP, while for the α-TiP samples the same data are about 0.6Å less than those for pristine α-TiP.
When comparing the data of various phosphates in more detail, the O-H bonds showed nearly identical value except those of titanium phosphate, where the bonds were found to be about 0.2Å shorter than those for the other investigated phosphates. The Me-O bonds (where Me = Zr,Ti and Hf, respectively) showed various character. For example, the Me-O2 bond for hafnium phosphate was found to be longer than those for the other phosphates. At the same time the Me-O6 bond was found the same for all three investigated phosphates. The various P-O bonds, vary between 1.58 -2.04Å and showed the same values for all three investigated phosphates. Comparing these values with those of pristine phosphates for example, in case of α-ZrP the bond length for transition metal forms was generally found to be ∼0.04Å longer. In case of α-TiP, this value reached the 0.05Å, while in case of α-HfP, it was found ∼0.4Å. Evaluating the bond angle results did not reveal any considerable difference between the data of pristine tetravalent metal phosphates and their transition metal containing forms.
From the XRPD pattern analysis, it was found that the "c" axis of the unit cell is increased after the finishing of the ion exchange process, while the other lattice parameters and the angle generally have an insignificant change. The interlayer distances significantly increased corresponding to the atomic diameters [35] of given transition metal ions, which were placed between the layers. This increase only partly follows the real increasing of diameters of the given transition metal ions. It seems that the increase of interlayer distance depends more on the rate of quantity of given transition metal ions up taken by tetravalent metal phosphates. These facts caused insignificant distortion in the Me 4+ -O bond distances, without changing the structure.
Taking into consideration the above data, it can be proposed that the transition metal containing zirconium-, titanium-and hafnium phosphates have the same layered structure as the corresponding pristine phosphates. The fact that the transition metals changed place with hydrogen ions caused some distortion also in some O-H bonds.
Conclusion
Using the ion exchange method the first-row transition metal containing zirconium-, titanium-, and hafnium phosphates were prepared. Using equilibration of the given solutions at 80
• the total exchange of protons for transition metals cannot be attainable.
The analytical data confirmed that the transition metal ions are changed in non-hydrated form.
As a result of XRPD analysis, it was found that the structure of titanium and hafnium phosphates are isomorphous. Their transition metal containing forms also have layered monoclinic structure. As a result of ion exchange, the interlayer distance and the " c" axis of the unit cell is increased and the change of hydrogen-for transition metal ions caused some distortion inside the layer due to the change of some bond distances between the Me 4+ and O and some O-H bonds. The samples containing various transition metals did not show great differences.
